SUMMARY 24
• Fusarium verticillioides is one of the key maize ear rot pathogens and produces fumonisins, a 25 group of mycotoxins detrimental to humans and animals. Unfortunately, our understanding on 26 how this fungus interacts with maize kernels to trigger mycotoxin biosynthesis is very limited. 27
• We performed a systematic computational network-based analysis of large-scale F. 28 verticillioides RNA-seq datasets to identify potential gene subnetwork modules that are 29 associated with virulence and fumonisin regulation. 30
• Among the highly discriminative subnetwork modules, we identified a putative hub gene 31
FvLCP1, which encodes a putative a type-D fungal LysM protein with a signal peptide, three 32
LysM domains, and two chitin binding domains. FvLcp1 is a unique protein that harbors these 33 domains amongst five representative Fusarium species. 34
• FvLcp1 is a secreted protein important for fumonisin production with LysM domain playing a 35 critical role. Chitin-binding domain was essential for in vitro chitin binding. 36
• Using rice blast fungus, we learned that FvLcp1 accumulates in appressoria, a key infection 37 structure, suggesting that FvLcp1 could be involved in host recognition and infection. Also, 38 full length FvLcp1 was able to suppress the BAX triggered plant cell death in Nicotiana 39 benthamiana. 40 3
INTRODUCTION 47
Fusarium verticillioides (telemorph Gibberella moniliformis) is a prevalent fungal 48 pathogen associated with maize wherever the crop is grown. Not only does the pathogen cause 49 yield-limiting maize ear rot and stalk rot diseases, it also produces a group of carcinogenic 50 mycotoxins fumonisins on infested ears that pose serious health risk to animals and humans 51 (Gelderblom et al., 1992; Bacon & Nelson, 1994; Munkvold & Desjardins, 1997; Marasas, 52 2001 ). This family of structurally-related mycotoxins contaminate maize and maize-based 53 products worldwide (Chulze et al., 1998; Castella et al., 1999; Gutema et al., 2000; Logrieco et 54 al., 2002; Arino et al., 2007) , and fumonisin B1 (FB1) is the most commonly form found in 55 nature with highest toxicity. In addition to potential health risks to humans, fumonisin consumed 56 by animals causes diseases such as leukoencephalomalacia in horses and pulmonary edema in 57 pigs (Thiel et al., 1991; Osweiler et al., 1992; Badria et al., 1996; Gelderblom et al., 2001; Voss 58 et al., 2001) . Economic loss and food safety risks associated with maize contaminated with 59 fumonisins have been documented in numerous publications (Wu, 2004; Wang et al., 2006; Wu, 60 2006; Wu et al., 2011) . There are several factors that make it extremely difficult to predict 61 potential outbreak of fumonisins in maize, mainly due to different cultural practices, abiotic 62 epidemiological factors, and pathogen biology. Durable maize resistance against F. 63 verticillioides and fumonisin contamination is not presently available to growers, and current 64 fumonisin mitigation tools are few and only partially effective at best. Fumonisin contamination 65 occurs during late stages of maize ear development, making it difficult for growers to apply 66 intervention strategies. 67
There is a critical need to better understand the mechanism of fumonisin biosynthesis and 68 regulation in F. verticillioides to develop effective long-term control strategies. Recent studies have documented the intricate transcriptional and epigenetic regulation that affects mycotoxin 70 gene clusters and how these molecular networks that respond to environmental factors are linked 71 to genetic components regulating mycotoxin production (O'Brian et al., 2007; Georgianna & 72 Payne, 2009; Woloshuk & Shim, 2013) . Whole genome sequences provide reference database 73 for genomic and transcriptomic analyses, and these efforts have improved our understanding of 74 tissue-specific colonization and fumonisin production (Shim et al., 2003; Bluhm & Woloshuk, 75 2005; Ma et al., 2010; Shu et al., 2011) . Furthermore, recent technological advancements in next 76 generation sequencing (NGS) and computational biology are facilitating new discoveries in gene 77 regulatory networks (Yoon & Qian, 2009; Sahraeian & Yoon, 2011) . In our earlier studies (Kim 78 et al., 2018a; Kim et al., 2018b) , we demonstrated how network-based comparative analysis of 79 transcriptome data through probabilistic subnetwork inference can help identify potential 80 pathogenicity-associated subnetwork modules in F. verticillioides. Plant-microbe associations 81 come in many different schemes, due to the intricate evolutionary relationship between the host 82 and the pathogen (Jones & Dangl, 2006; Spoel & Dong, 2012; Dangl et al., 2013) . Pre-harvest 83 rots occurring in crops are predominantly caused by fungal organisms, namely by pathogens 84 having the ability to decompose and putrefy plant tissues. In a similar context, it is reasonable to 85 hypothesize that ear rot fungal pathogens have also developed specialized mechanisms for host 86 adaptation, virulence, and mycotoxin biosynthesis. 87
One intriguing question we asked in this study was whether secreted proteins play a role 88 in triggering fumonisin production in F. verticillioides when the fungus interacts with maize 89 kernels. In recent years, studies on how fungal secreted proteins play critical roles in triggering 5 Sharpee et al., 2017) . Thus, we modified our computational network analysis strategy to 93 primarily select genes that encode secreted proteins to construct our subnetwork modules. 94
Through this approach, we identified FvLCP1 that was predicted as a hub gene in a robust 95 subnetwork. FvLCP1 encodes a putative secreted protein with two functional domains, LsyM 96 and chitin-binding domains, that are known to trigger host responses. We further characterized 97 the role of FvLcp1 in FB1 production through motif deletion experiments, followed by protein 98 RNA libraries (i.e., seven biological replicates and seven technical replicates) at two time points 129 (6 dpi and 8 dpi) were generated for the two maize kernel samples. Therefore, 56 paired-end 130 RNA libraries were prepared in total. 131
We first preformed preprocessing the RNA-seq datasets by alignment using TopHat2 132 To search for genes encoding secreted protein, we assigned genes with signal peptide that were 138 7 significantly differentially expressed between the two maize kernels as seed genes by measuring 139 t-test statistics scores as well as F scores of ANOVA across all three PGEMs, thereby preparing 140 ten seed genes for each kernel (twenty in total). For co-expression network construction, we built 141 five different networks at five different levels (i.e., five different threshold cut-offs) as previously 142 applied (Kim et al., 2015; Kim et al., 2018a; Kim et al., 2018b) , where the smallest size included 143 roughly 400,000 edges and the largest size contained around 2,000,000 edges. Additional detail 144 is provided in Supplementary Method A. 145 146
Subnetwork modules extension 147
By following our previously proposed analysis approach (Kim et al., 2018a) , we started 148 extending subnetwork modules having member genes up to two from the seed genes ( Fig. 1 ). For 149 instance, from a seed gene on F. verticillioides co-expression networks based on a PGEM, we 150 extend up to three subnetwork modules as long as i) their discriminative power increase 151 (measured by t-test statistics) between the two maize kernels (B73 vs 33K44) exceeds 5% and ii) 152 the difference in discriminative power increase between two suboptimal modules and the optimal 153 module with the highest discriminative power is less than 2%. When searching for the third 154 member gene, we started applying computationally efficient adaptive branch-out technique while 155 adjusting stopping criterion (MDPE: Minimum Discriminative Power Enhance) to find candidate 156 subnetwork modules as proposed in this approach. As shown in Fig. 1 , we start adaptive branch-157 out with the desired stopping criterion at first by 10%, and continuously branching out modules 158 when the following requirements of a candidate subnetwork module are satisfied; a) relatively 159 high discriminative power; b) relatively large number of edges of the seed gene; c) significant 160 GO term annotation; and d) distance between the seed gene and all member genes less than five.
If a subnetwork module meets requirements a), b), and c) but disagrees with d), we then start 162 raising the desired stopping criterion by 1% at a time and continuously perform the same 163 approach as long as either all the requirements are not satisfied yet or a subnetwork module 164 failed to reach six members (minimum number of module member genes). For every seed gene 165 in all co-expression networks based on all three PGEMs, we continuously repeated the adaptive 166 branch-out process to identify candidate functional subnetwork modules. 167
After collecting all possible subnetwork modules associated with signaling activity, we 168 listed seed genes whose subnetwork modules were vigorously activated across all three PGEMs. 169
Among the list of genes, we selected a representative module with the highest t-test statistics 170 score at each PGEM (three modules in total), and subsequently performed module combining 171 across PGEMs and post-pruning process. In order to only keep genes relatively further associated 172 with the member genes including particularly their seed genes, we removed genes if they don't 173 meet the following conditions; i) capability to help their modules differentiate relatively more 174 between the two strains; ii) strong association with other genes including their seed genes across 175 different PGEMs; iii) functional relevance with other member genes (i.e., GO terms). Additional 176 detail provided in Supplementary Method B~F. 177 178
Nucleic acid manipulation, polymerase chain reaction (PCR), and transformation 179
Fungal strains were grown in YEPD liquid medium (Difco, Detroit, MI), and genomic 180 DNA was extracted using an OmniPrep Genomic DNA Extraction kit (G Biosciences, St. Louis, 181 MO). The constructs for transformation were generated by split-marker approach via 182 homologous recombination and transformed into wild-type protoplast as described previously 183 9 we first generated four complementation constructs via homologous recombination; the first one 185 has a complete deletion of signal peptide (∆SP), the second one has a complete deletion of LysM 186 domains (∆LysM), the third one has a complete deletion of ChtBD1 domains (∆ChtBD1), and 187 the fourth one is complete wild-type genes (FvLCP1C). These constructs were all driven by its 188 native promoter and terminator. Additional detail provided in Supplementary Method G. 189
Transformants were regenerated and selected on regeneration medium containing 100 µg/ml of 190 hygromycin B (Calbiochem, La Jolla, CA, USA) and/or 150 µg/ml G418 sulfate (Cellgro, 191 Manassas, VA, USA) as needed. Respective drug-resistant colonies were screened by PCR and 192 qPCR for the presence and expression of transformed constructs, respectively (data not shown). To generate the FvLcp1-GFP fusion construct, a 4,009-bp DNA fragment containing the 230 native promoter and entire FvLCP1 gene sequence were amplified by primer pair 231 LysM_GFPF/R. The 4,009-bp PCR product was inserted into the XhoI and ClaI sites of pKNTG 232 vector which harbors a GFP tag and the geneticin-resistance marker (Zhong et al., 2015) . The 233 resulting construct was confirmed by sequencing and then transformed into F. verticillioides 234 wild-type strain 7600 and M. oryzae wild-type strain Guy11. The presence of geneticin-235 resistance marker in transformants were confirmed by PCR. 236
To visualize the subcellular localization of FvLcp1 in the different vegetative growth 237 stages of F. verticillioides, collected spores were incubated in YEPD medium for 12-24 hours at 238 28 ℃ at 180 rpm. Subsequently, conidia, germinated conidia, and vegetative hyphae were 239 observed under the Nikon A1 laser scanning confocal microscope as previously described 240 (Zheng, W et al., 2016) . To observe the vacuolar membrane or vacuole, conidia, germinal 241 conidia, and vegetative hyphae were treated with FM4-64 or CMAC as previously described 242 (Zheng et al., 2015) . The collected spores (5 x 10 4 conidia/mL) of M. oryzae mutant 243 Guy11/FvLcp1-GFP were inoculated into the rice sheath of susceptible rice cultivar CO39 as 244 previously described (Zheng, H et al., 2016) . After inoculation for 12 hours, 24 hours and 36 245 hours, samples were examined using an Olympus-BX51 fluorescence microscope. were applied to wound sites created with a syringe needle. Fungal colonization of seeds were 273 monitored after one-week incubation. For rice infection, we followed the method described 274 before (Zhong et al., 2015) . Briefly, M. oryzae wild-type (Guy11) or Guy11/FvLcp1-GFP transformants were grown in rice bran medium (2% rice-polish, 1.5% agar, pH 6.0) for about 7-276 10 days until produced enough conidia. Diluting the concentration of conidia suspension to 277 approximate 1x10 5 spore/mL in 0.02% Tween 20 solution and sprayed on susceptible rice 278 cultivar CO39. 279 280
Gateway cloning and Agrobacterium tumefaciens infiltration assays 281
The mature sequence of FvLcp1 without its signal peptide was first amplified by PL4F/R 282 then cloned into the donor vector, pDONR201, after confirmed by sequencing, then transferred 283 into the destination vector pGWB505 which containing the 35S promoter by the gateway cloning 284 using described methods (Nakagawa et al., 2007) . The LysM domain deletion mutant was 285 constructed by primer pairs PL4F/01584-LysM-R and 01584-LysM-F/PL4R, then fused together 286 by single-joint PCR. Similarly, the ChtBD1 domain deletion mutant was generated by 287 PF4F/01584-Chitin-R and 01584-Chitin-F/PF4R, then fused together by single-joint PCR. 288
Following the method described above, LysM domain deletion construct and ChtBD1 domain 289 deletion construct were cloned into pDONR201, then transferred into pGWB505 after 290 sequencing. The resulting constructs were transformed into Agrobacterium tumefaciens strain 291 GV3101 cells. Individual transformants were screened by 30 µg ml -1 of rifampicin and 100 µg 292 ml -1 spectinomycin then confirmed by PCR. We infiltrated tobacco N. benthamiana leaves as 293 previously described ( 
RNA-Seq data and subnetwork module establishment 307
In order to systematically analyze transcriptional activity of functional F. verticillioides 308 genes that encode proteins with signal peptide, we performed network-based comparative 309 analysis with adaptive branch-out technique using three different preprocessed gene expression 310 matrices (PGEMs). We obtained paired-end sequencing reads by capturing transcriptomes of F. 311 verticillioides-inoculated maize inbred B73 and hybrids 33k44 kernels at two time points (6 dpi 312 & 8 dpi). Through preprocessing, 14.7% of F. verticillioides were removed due to their 313 insignificant expression levels, and therefore 13,533 genes were utilized for downstream 314 analysis. Table S1 provides general information of both RNA-Seq datasets (F. verticillioides on 315 33K44 vs B73). Based on the three PGEMs, we inferred co-expression networks of F. 316 verticillioides on both B73 and 33K44. Co-expression network sizes, from the smallest (400,000 317 edges) to the largest (2,000,000 edges), distributed by threshold cut-offs (partial correlation 318 coefficients) are listed in Table S2 A and B. Since our main objective was to search for 319 functional subnetwork modules that were differentially activated on co-expression networks 320 across all three PGEMs, we also considered how co-expression networks from different PGEMs were similar to each other. Table S3 demonstrates degree of similarity between co-expression 322 networks by calculating percentages of number of the same edges shown on two different 323 networks from two different PGEMs. 324
We selected ten F. verticillioides genes that show significant differential expression in 325 B73 or 33K44 as seed genes. We considered t-test scores and F scores of ANOVA, so that every 326 seed gene had certain minimum threshold (t-test score >= 4 and F score >= 4) for at least one 327 PGEM (Table S4 ). As we extended subnetworks modules from the seed genes by satisfying the 328 our computational requirements (Supplementary Method D &E), we acquired three seed genes 329 whose modules were significantly activated across all three PGEMs for each maize kernels 330 (FVEG_01584, FVEG_07670, and FVEG_11722 in B73; FVEG_00397, FVEG_01726, and 331 FVEG_05574 in 33K44) as shown in Table S5 . From these six subnetwork modules, we further 332 focused on top two modules from each strain after considering averaged t-test scores of 333 representative modules of each PGEM. Therefore, representative modules based on 334 FVEG_01584 & FVEG_07670 were selected to be potential subnetwork modules for B73 strain 335 (Fig 2A & B) . For 33K44 strain, modules of FVEG_00397 & FVEG_05574 were chosen to be 336 representatives ( Fig 2C & D) . Representative modules of FVEG_01584 & FVEG_07670 showed 337 higher t-test scores than that of FVEG_11722 by 19.5% and 6.0% while modules of 338 Fusarium species (Fig. 3) . This outcome led us to question whether FvLcp1 plays a distinct role 357 in F. verticillioides, particularly during maize infection and fumonisin biosynthesis. 358
359
A series of FvLCP1 mutants tested for FB1 biosynthesis 360 A FvLCP1 gene knock-out mutant (∆Fvlcp1) was generated to test FB1 production (F1g. 361 S1 A). Homologous recombination was confirmed by PCR (data not shown) and Southern 362 analysis ( Fig. S1 B) . When compared with the wild-type progenitor, ∆Fvlcp1 was 363 indistinguishable when grown on PDA and V8 agar media (Fig. S1 C) . This outcome suggested 364 that this gene is not critical for F. verticillioides vegetative growth. To further study the 365 physiological roles of FvLCP1, particularly its key predicted functional motifs, on FB1 production, we generated ∆Fvlcp1 complementation strain as well as FvLcp1 motif-deletion 367 mutants ∆SP, ∆LysM and ∆ChtBD1, under its native promoter and terminator ( Fig 4A) . HPLC 368 analysis were performed to elucidate the production of the FB1 on maize cracked kernels by 369 these strains. Strains ∆Fvlcp1 and ∆LysM showed most drastic reduction in FB1 compared to the 370 wild-type strain, ∆SP, and ∆ChtBD1 mutants (Fig. 4B) . These results suggested that FvLCP1 371 gene is important for FB1 production. Gene complementation with full FvLCP1 construct 372 restored FB1 production to the wild-type level. Specifically, the LysM domains was determined 373 to be important for wild-type level FB1 production in F. verticillioides. To further experimentally verify that FvLcp1 is a secreted protein, we performed yeast 386 secretion trap assay. The full-length open reading frames of FVEG_01584 and one well known 387 secreted protein Magnaporthe oryzae AvrPiz-t with or without signal peptides were cloned into 388 pYST-0. Yeast transformants expressing the FvLcp1 1-2202 :SUC2 or the avrPiz-t 1-327 :SUC2 fusions grew on sucrose, whereas yeast expressing the FvLcp1 31-2202 :SUC2 or the avrPiz-t 25-390 327 :SUC2 fusions, the same proteins without the predicted SPs, failed to grow (Fig. S2 B) . The 391 results demonstrated that FvLcp1 is a protein secreted extracellularly in F. verticillioides. 
Subcellular localization of FvLcp1
FvLCP1 with its native promoter was inserted into pKNTG vector, which contains a GFP 413 tag and the geneticin-resistance marker. We verified the accuracy of the construct by PCR and 414 sequencing, before transforming the construct into F. verticillioides wild-type strain. One 415 geneticin-resistance transformant, which expressed FvLcp1 and fused C-terminal GFP under the 416 native promoter, was selected for further observation. We also stained F. verticillioides cells with 417 FM4-64 (vacuolar membrane dye) or CMAC (vacuolar dye) ( Fig. 6A ). We were able to observe 418 FvLcp1 signals near plasma membrane, septum and vacuole in conidia, germinated conidia, and 419 vegetative hyphae stages. Co-localization analyses confirmed that CMAC epifluorescence was 420 observed along with FvLcp1-GFP signal on vacuole. FvLcp1-GFP was also surrounded by FM4-421 64 epifluorescence which outlined the vascular membrane (Fig. 6B) . 422 423 FvLcp1 is accumulated in appressorium structure in the early infection stage of M. oryzae 424 Maize kernel and F. verticillioides is not the most accessible host-pathogen system to 425 conduct experiment to study fungal protein movement and localization. Therefore we adopted 426 rice -M. oryzae, a well-advanced model system for studying host-pathogen interactions, for our 427 study (Ebbole, 2007) . By infecting rice sheath cells, we can visualize the action of interested 428 proteins in the early plant infection process (Mosquera et al., 2009). To determine the 429 localization and role of FvLcp1 in the early infection stage of the pathogen, we transferred 430 FvLcp1-GFP into the rice blast pathogen M. oryzae. We showed that Guy11/FvLcp1-GFP 431 mainly localized in appressorium structure (Fig. 7A) , which is an infectious structure and 432 generates enormous turgor to penetrate the plant cuticle (Howard et al., 1991) . However, we 433 learned that FvLcp1 does not further enter rice as M. oryzae develop appressoria and invasive 434 hyphae. This result suggest that FvLcp1 may play a role in host recognition and assist in penetration but not in host colonization in M. oryzae. When we compared virulence in Guy11 436 and Guy11/FvLcp1-GFP transformants by performing spray inoculation assays on susceptible 437 rice cultivar CO39, we did not observe a significant difference between wild-type Guy11 and 438 Guy11 expressing FvLcp1-GFP ( Fig. 7B ), suggesting that the addition of FvLcp1 in M. oryzae 439 did not enhance fungal virulence. FvLcp1∆ChtBD1 could not be found in the pellet fraction which shows FvLcp1∆ChtBD1 did not 453 precipitate with chitin magnetic beads. However, FvLcp1∆LysM was detected in the pellet 454 fractions, exhibiting strong affinity as mature FvLcp1. Overall, our data indicated that FvLcp1 is 455 able to bind chitin, and ChtBD1 domains are essential for this activity. 456
FvLcp1 suppresses the BAX triggered hypersensitive plant cell death but requires both 458
LysM and ChtBD1 domains. FvLcp1. We chose AvrPiz-t and empty vector (pGWB505) as positive and negative controls, 467 respectively (Li et al., 2009 ). As previously reported, AvrPiz-t can suppress the BAX-triggered 468 plant cell death. Our results showed that mature FvLcp1 alone could not induce plant cell death. 469
However, FvLcp1 was able to suppress plant cell death triggered by BAX (Fig. 8B ). We further 470 tested LysM and ChtBD1 domain-specific deletion mutants to further demonstrate the roles of 471 LysM domains and ChtBD1 domains in the suppressing BAX. Transient expression experiments 472 showed that LysM deletion mutant and ChtBD1 deletion mutant both failed to suppress the plant 473 cell death induced by BAX (Fig. 9B) . In order to investigate whether the mature FvLcp1 protein 474 interferes with BAX expression, we performed RT-PCR to detect the expression of BAX and 475 FvLcp1. RT-PCR confirmed that FvLCP1 and BAX were both expressed in N. benthamiana 476 leaves. These results indicated that FvLcp1 is able to suppress the BAX-triggered plant cell 477 death, but both LysM and ChtBD1 domains are required to suppress BAX-induced plant cell 478 death. 479
DISCUSSION 481
In this study, our aim was to identify potential subnetwork modules differentially 482 activated in F. verticillioides when inoculated on two different maize inbred B73 and hybrid 483 33k44 kernels. Our premise was that maize pathogen F. verticillioides utilizes unique 484 mechanisms for host organelle adaptation, virulence, and mycotoxin biosynthesis and that there 485 will be subtle differences when challenging kernel with different genetic background. To predict 486 reliable F. verticillioides functional subnetwork modules and to capture dynamic changes in gene 487 association during kernel colonization and mycotoxin production, we proposed a more robust 488 systematic network-based comparative analysis approach using RNA-seq data. Specifically, we 489 were focused on genes that encode putative secreted proteins that may play a role in F. 490 verticillioides -kernel association. We have modified our previous analytical strategy (Kim et 491 al., 2018b) by first selecting differentially expressed genes that encode proteins harboring signal 492 peptide. Through this approach, we identified four potential F. verticillioides virulence-493 associated subnetwork modules where the member genes were harmoniously coordinated and 494 significantly differentially activated between two maize kernels. We selected one subnetwork 495 module with the predicted hub FVEG_01584 for further characterization, particularly focusing 496 on whether protein encoded by this hub gene can be secreted into plant host and subsequently 497 impact kernel rot disease and fumonisin biosynthesis. We were intrigued by the fact that 498 FVEG_01584 (designated FvLCP1) encoded a putative secreted protein with three LysM 499 domains and two chitin-binding (ChtBD1) domains. 500
The LysM motif (Pfam PF01476) was first described in bacteriophage lysome which is 501 responsible for cleaving the bacterial cell wall (Garvey et al., 1986) . Besides lysomes, LysMs 502 can also be found in chitinases, receptor-like kinases, glycoside hydrolases, transglycosylases, peptidases, amidases in both prokaryotic and eukaryotic proteins (Ponting et al., 1999; Buist et 504 al., 2008) . The LysM motif consists of around 50 amino acids, in which the first 16 residues and 505 final 10 residues are conserved, and more than 400 putative fungal LysM domain-containing 506 chitin-binding domains are important for binding chitin. Significantly, our study also showed that 542 full FvLcp1 protein is necessary for suppression of the BAX-triggered hypersensitive plant cell 543 death when tested in N. benthamiana. 544
As discussed earlier, LysM proteins also bind chitin. Chitin is a major component of 545 fungal cell walls and plays an important role in fungal -host interactions (Kombrink et al., 2011; 546 Rovenich et al., 2016) . Chitin-triggered immunity is known to cause induction of pathogenesis-547 related genes, and we therefore sought to examine the effect of FvLcp1 on induction of maize 548 defense gene expression ( Fig. S3 ). WT and FvLcp1 mutant conidia were inoculated on surface-sterilized live maize kernels. Expression of key maize defense genes (ZmLOX5, ZmLOX10, 550
OPR8, PR1) was tested 6 and 8 days-post-inoculation. F. verticillioides WT induced ZmLOX5 551 expression 3.5-folds and 1.6-folds higher than Fvlcp1 mutant on 6 days-post-inoculation and 8 552 days-post-inoculation samples, respectively. However, there was no significant difference 553 between the treatments for OPR8 gene expression, and LOX10 and PR1 expression studies were 554 inconclusive. ZmLOX5 is a lipoxygenase which plays important roles in plant defense against 555 pathogens (De La Fuente et al., 2013) , and this result showed that FvLcp1 is involved in 556 triggering ZmLOX5 mediated defense pathway. Clearly, further experiments are necessary to 557 better understand how FvLcp1 impacts defense response in hosts. There is also a need to 558 identify a putative receptor of FvLcp1 in maize and the signaling pathway which will help to 559 explain how FvLcp1 triggers the plant immune response. 560
One of the intriguing questions we asked while conducting this study was whether 561
FvLcp1 that can be secreted into plant cells and trigger specific host responses in maize kernels. 562
Since experimenting this idea was not easily achievable using maize kernels, we performed our 563 study in M. oryzae-rice and A. tumefaciens-N. benthamiana systems. M. oryzae is one of the 564 most intensively studied plant pathogens, particularly when we discuss molecular host-pathogen 565 associations and effector biology (Ebbole, 2007; Yoshida et al., 2009; Mentlak et al., 2012; Liu 566 et al., 2013; Dong et al., 2015) . Most of the identified effectors in M. oryzae encode small 567 secreted proteins (<200 amino acids) and do not have any known protein domains (Li et al., 568 2009; Wu et al., 2015) . However, not all fungal effectors share characteristics found in M. 569 oryzae effectors. As we discussed earlier, LysM effectors such as Ecp6, which bind chitin by 570 LysM domains (de Jonge et al., 2010) . FvLCP1 encodes a large secreted protein of 733 amino 571 acids and contains three LysM domains and two ChtBD1 domains. However, our chitin binding assay confirmed that two ChtBD1 domains in FvLCP1 are responsible for chitin binding rather 573 than the three LysM domains. Transient expression testing in N. benthamiana with BAX showed 574 that FvLcp1 could suppress the BAX-induced plant cell death, suggesting that FvLcp1 is 575 involved in suppressing plant defense response. When we expressed FvLcp1 in M. oryzae, the 576 protein was localized to appressoria initially suggesting that FvLcp1 could be involved in host 577 recognition and penetration. However, spray assay showed no clear difference between Guy11 578 and Guy11/FvLcp1-GFP, demonstrating that the presence of FvLcp1 adds no further benefit in 579 virulence in the rice blast pathogen. In similar fashion, the deletion mutants of BAS effectors 580 (BAS1, BAS2 and BAS3) in M. oryzae did not result in loss-of-pathogenicity phenotypes 581 (Mosquera et al., 2009). In necrotrophic fungi, plant cell death could promote infection and 582 colonization process (Wang et al., 2014) . However, our study showed FvLcp1, as a secreted F. 583 verticilioides protein, could serve as a suppressor of plant cell death rather than an inducer of cell 584 death, which potentially suggests that suppressing host cell death could play a critical benefit to 585 its infection process. Based on the role of FvLcp1 in FB1 production, it can be hypothesized that 586 the fungus utilizes FvLcp1 to sustain the viability of plant host in the early infection stage. This 587 is the first report where a secreted protein, particularly a type-D LysM protein with chitin-588 binding domain, in mycotoxigenic fungus F. verticillioides is potentially involved in suppressing 589 host cell death to perhaps maximize its ability to produce fumonisin while it initiates kernel 590 infection. There are a series of intriguing studies that are required to better understand F. approach to identify potential subnetwork modules associated with the F. verticillioides 845 pathogenicity. The normalized gene expression matrix is obtained from the sequencer output 846 through preprocessing such as mapping, filtering, and normalization. Based on the preprocessed 847 gene expression matrix, we constructed six co-expression networks threshold at six different 848 partial correlation levels and also prepared a log-likelihood ratio (LLR) matrix. Next, we 849 extended subnetwork modules from seed genes, significantly differentially expressed genes 850 between the two conditions, utilizing a computationally efficient adaptive branch out approach. 851
In order to identify robust potential subnetwork modules, we adaptively adjusted parameters 852 when branching out the subnetwork modules by considering whether at least one known 853 orthologous gene in other fungi is impactful in a module and also the member genes of the 854 module are annotated by significant GO terms. Finally, each potential subnetwork module was 855 selected if the module demonstrates not only strong association with the pathogenicity of the 856 fungi, but also significantly differentiated activity levels between the two conditions. 857 FvLCP1C) complete wild-type gene. These constructs were all driven by its native promoter and 878 terminator. Complementation constructs used to complement ΔFvlcp1 gene deletion strain. 879
Arrows above the WT schematic model represent the primers used to amplify the specific DNA 880 fragments to generated all the above constructs. Arrows above the other schematic models 881 represent primers used for PCR screening analysis. (B) Quantification of fumonisin B1 (FB1) 882 production in F. verticillioides strains. 2×10 6 spores of WT, ΔFvLCP1, ΔSP, ΔLysM, Δ ChtBD1 883 and FvLCP1C strains were inoculated on nonviable autoclaved maize kernels and incubated for 884 7 days at 25 °C under a 14-h light/10-h dark cycle. FB1 production was quantified by high-885 performance liquid chromatography (HPLC) analysis. FB1 biosynthesis was normalized to 886 growth with ergosterol contents. All values represent the means of three biological replications 887 with standard errors shown as error bars. 
